ABSTRACT: The solubility data of azadirachtin in supercritical carbon dioxide were measured at several temperatures (308.15, 313.15, 318.15, 323.15, 328.15, and 333.15 K) and at pressure between (10 and 26) MPa. The measurement of solubility data was conducted in static mode. The experimental results were correlated by Chrastil model and Del valle and Aguilera equation. Chrastil model can represent the experimental data well and give a reasonable value for fitting parameters.
' INTRODUCTION
Azadirachtin is a chemical compound belonging to the limonoids and one of more than 70 limonoids produced by the neem tree. Azadirachtin has a complex structure, and the IUPAC name of this compound is dimethyl (2aR,3S,4S,R,S,7aS,8S,10R,10aS, 10bR)-10-(acetyloxy)-3,5-dihydroxy-4-[(1S,2S,6S,8S,9R,11S)-2-hydroxy-11-methyl-5,7,10-trioxatetracyclo[6.3.1.0 2, 6 .0 9, 11 ]dodec-3-en-9-yl]-4-methyl-8-{[(2E)-2-methylbut-2-enoyl]oxy}octahydro-1H-furo[3 0 ,4 0 :4,4a]naphtho [1,8-bc] furan-5,10a(8H)-dicarboxylate. The molecular structure of azadirachtin is given in Figure 1 . Azadirachtin has an insecticidal effect; therefore, it can be used as a natural insecticide. 1À5 Azadirachtin and related limonoids are obtained from neem seeds by solvent extraction followed by several steps of separation and purification to obtain a high purity product. Purification of azadirachtin from the extract or oil can be conducted using various methods such solvent precipitation, 6 and combination of several chromatography techniques. 7À10 Extraction of azadirachtin using supercritical fluid technology has also been explored, 11À13 but this technique did not give complete recovery. 14 The failure of supercritical extraction technology to recovery completely of azadirachtin from its extract may be due to incorrect operation condition because of the lack of information about the solubility of this substance in supercritical carbon dioxide at various temperatures and pressures.
The solubility of solids and liquids in supercritical fluids is very important information for the design of any supercritical extraction processes. 15 Currently, there is no information about the solubility of azadirachtin in supercritical carbon dioxide available in the literature. In this study, solubilities of azadirachtin in supercritical carbon dioxide were measured at several temperatures in a range of pressures from (10 to 26) MPa. The experimental data were then correlated by the Chrastil equation and its modified form.
' MATERIAL AND METHODS
Material. Azadirachtin is a microcrystalline powder with a melting point of 447.15 K and À1.4.
14 Azadirachtin used in this study was obtained as a analytical standard from Sigma-Aldrich (CAS no: 11141-17-6) and used without any further purification. Food grade carbon dioxide obtained from Aneka Gas Pty Ltd. was used as the supercritical solvent and supplied as liquid CO 2 with a mole fraction purity of 0.999.
' EXPERIMENTAL PROCEDURE
The schematic diagram of supercritical equipment used in this study to obtain the solubility data of azadirachtin is given in Figure 2 . The supercritical equipment consists of a high pressure pump (Eldex AA-100-S-2-CE, U.S.A.), a pressure transducer (Druck PTX 611, U.S.A.) with a digital process indicator (Druck DPI 280, U.S.A.), a heater and temperature controller (oven Memmert, Germany), a vacuum pump (GAST DOA-P504 BN, U.S.A.), a volume calibrator (ZEAL DM3B, U.K.), and an equilibration column (Swagelok, U.S.A.). All fitting and tubing used in the system are made of stainless steel (Swagelok, U.S.A.). The maximum working pressure and temperature of the supercritical system are 30 MPa and 373.15 K, respectively. The uncertainties of the pressure and temperature measurements were ( 0.01 MPa and ( 1 K, respectively.
To measure the solubility of azadirachtin in supercritical CO 2 , the following procedure was employed:
15 the sample holder in the equilibration column was loaded with azadirachtin. The system was evacuated using a vacuum pump (GAST DOA-P504 BN, U.S.A.) to remove air, and then the system was heated until the desired temperature was reached. Subsequently, the liquid CO 2 was pumped to the equilibration column using a high pressure pump (Eldex AA-100-S-2-CE, U.S.A.). During the experiments, valves V-3, V-4, and V-5 were closed, while valves V-1 and V-2 were opened. After equilibrium of the desired temperature and pressure was achieved (4 h), the sampling tube was disconnected from the system by closing valve V-2. 15 The sample in the sampling tube was released to the collector containing Journal of Chemical & Engineering Data ARTICLE a known amount of methanol to completely separate azadirachtin and carbon dioxide. At least three replicated samples were taken at an experimental condition, and the equilibrium composition was determined by averaging the replications. The uncertainty of each measurement was within ( 2 %. The concentration of azadirachtin in methanol was determined by HPLC technique.
' RESULTS AND DISCUSSIONS
The densities of supercritical carbon dioxide at various pressures and temperatures are calculated from the Stryjek and Vera modification of the PengÀRobinson equation of state, 16 and the results are reported in Table 1 . The solubilities of azadirachtin in supercritical CO 2 at various pressures and temperatures are given in Table 2 . At 10 MPa, the solubility of azadiracthin decreases with increases of temperature. At pressures above 10 MPa, as the temperature increases, the solubility of the compound also increases. This phenomenon indicates that a crossover pressure region is present in the system. Below the crossover region, the effect of density is more dominant than vapor pressure, indicated by a decrease of solubility as the temperature increases, whereas above crossover region, the effect of vapor pressure is more dominant (solubility of azadiracthin increases with increases of temperature). Plots of solubility data of azadiracthin in supercritical carbon dioxide as a function of temperature are given in Figure 3 .
The experimental solubility data were correlated by several semi empirical models. The density-based correlation method is widely used to correlate the experimental solubility data. This approach was developed based on the common observation that the logarithm of the solubility is linearly dependent on the density. Chrastil 17 developed a semiempirical model based on this approach; his model has the form as follows:
where y 2 is the solubility of the solute in gas, F is the density of gas, k is an association number, a is a function of the enthalpy of solvation and enthalpy of vaporization, and b is a function of the association number and molecular weights of the solute and supercritical fluids.
The fitting of the solubility experimental data was conducted at each temperature using nonlinear least-squares technique by minimizing the sum of squared errors as objective function
Here y 2(exp) is the actual solubility of azadiracthin in supercritical CO 2 , y 2(cal) is the calculated solubility, and N is the number of experimental data. The nonlinear squares technique involves an Journal of Chemical & Engineering Data ARTICLE iterative curve fitting procedure. In this procedure, an initial set of estimates for the parameters in the equation must be provided, and then calculation of a point by point sum of squares (eq 2) for each iteration will be conducted. The algorithm will modify each parameter value until it satisfies the convergence criteria to obtain a final solution. Figure 4 shows that the Chrastil equation can represent the experimental solubility data of azadiracthin in supercritical CO 2 very well. The advantage of using the Chrastil equation is the model does not require any physicalÀchemical property data of the solute. Therefore this equation is applicable in most cases. The optimal parameters from the fitting of the Chrastil model are given in Table 3 . The parameters of k, a, and b for the system of CO 2 (1) þ azadiracthin (2) are almost constant as indicated in Table 3 . As mentioned before, k is an association number. Therefore this value should be specific for a given system, and the parameter of k obtained from this study is consistent. The parameter a is a function of the enthalpy of solvation and enthalpy of vaporization, and this parameter should increase with the increase of temperature; however, since the solubilities of azadiracthin in supercritical CO 2 are very small (Table 2) , changes in the enthalpy of salvation and enthalpy of vaporization are not considered by this equation. Therefore this parameter in the system of CO 2 (1) þ azadiracthin (2) remains constant. The last parameter b is a function of the association number and the molecular weights of the solute and supercritical fluids. Since the molecular weight of azadiracthin is constant and the association number of the solute is specific for each solute, this parameter should not be influenced by temperature. The fitting values of the parameter b at different temperatures are essentially constant, which is consistent with the physical meaning of this parameter.
Del Valle and Aguilera 18 proposed another density-based model based on Chrastil's equation. Their model considered the change in the enthalpy of vaporization with temperature
The meaning of the parameters k 0 , b 0 , and a 0 is similar to that of the parameters in the Chrastil model. The parameter d 0 is a parameter associated with the change in enthalpy of vaporization. This equation can represent the experimental data well, as shown in Figure 5 . The parameters of eq 3 obtained from fitting experimental data are given in Table 4 . Even if this equation can fit the experimental data well, however, considerably varying values of parameters b 0 , a 0 , and d were obvious. This inconsistency indicates a drawback in using this equation to correlate the solubility data of 
